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Mechanism of Aquotization of Carbonato
Complex Ions
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Mehanism of Aquotiatlon of Carbonato Complex consideration. AU results were normalized to 2.000 X 10-8
Ions as the mole fraction of 0" in a sample of ordinary COj keptas a standard.

By Fimz A. Pony Alm Humay TAUnl The method of isotopic assay of Co(NH,),(HgO),* ++ was
tested by precipitating the cobalticyanide from water en-

RECEmvUD FauAiutv 20,1953 riched in 0", after leaving the aquo ion in contact under
econditions and for a time comparable to those obtaining in

Stranks and Harris' have reported that them is the experiments with the earbonato ion. The remlts were:
no carbon isotope discrimination in the reaction N X 0 for inner sphere water of Co(NH%),(HO)s + + pre-
Co(NH,),CO' + HO + 2H+ - cipitated frot normal water - 2.235; N X 108 for normalwater - 1.928; N X 10' for inner sphere water when

Co(NH,)(HsO) + + + CO# (1) cipitated from enriched solvent - 2.348; N X 10' for HM0
In an oxygen tracer study on a related reaction in enriched solvent - 7.163. The results show 2.3% ex-

change of the aquo ion during the operation.
Co(NHs)sCOs ++ 2H + - Co(NH,),HO* + + + CO, (2) To learn the exchange to be expected for CO: liberated by

acid under the conditions of our experiments, a solution of
Hunt, Rutenberg and Taubes showed that in re- Na.CO, (of normal isotopic composition) was added to en-
lease of carbonate, the Co-O bond is not severed, riched water containing acid. with the following results:
but rather the C-0 bond. Since reaction (2) N X 10, for COs from NaCO, in ordinary water - 1.996;
is analogous to what can reasonably be supposed N X 10' for CO from Na.CO in enriched water - 2.077;

N X 10' for enriched water - 5.985; exchange of CO -to be a stage in the net reaction (I) 2.0%.
Co(NH3) 4(HO)COs ++ 2H+ ow To provide the necessary base values for the interpreta-

Co(NH)(HO), + CO (3) ton of the tracer experiments, the aquotization of Co(NH.),-CO3+ was conducted in water of normal isotopic composi-
there is an apparent inconsistency in the two ob- tion (N X 10' - 1.928). N X 10' for CO, from aquotiza-
servations which, while it can be resolved by one tion - 2.009; N X 10' for inner sphere water - 1.98.

The results on the aquotization in enriched water are: N X
of several assumptions, forces none as a conclusion. 103 for water in solution - 8.263; N X 103 for inner sphere
We have therefore undertaken an oxygen tracer water - 5.147. Base value (1.985 X 10-' corrected for
study of reaction (1), for comparison with the exchange expected in this environment - 2.129 X 10-8.
results obtained in reaction (2), similar to that Fraction of inner sphere water derived from environment

0.493. The carbon dioxide collected in this experiment
conducted for this reaction, but have increased was found to have undergone 5.4% exchange with the en-
the power of the tracer results by examining also vironment, somewhat in excess of that observed using Nat-
the isotopic composition of the carbon dioxide CO,. A third experiment proved this exchange not to be
liberated both in reactions (1) and (2). The reproducible (-.- 8%). and the method of adding the solid

for isotopic assay of the water bound in Co- was adopted.method With (Co(NH-)CO)NO.'/sHsO, the results were: N
(NHa),(HO)2+++ was developed during the course X 10' for HO( in enriched solvent - 6.923; N X 10' fo
of other research on the ion, and will be described CO, released - 2.069. The value 2.069 compared with
more fully when these results are published. 2.009 for the release of CO1 in normal water shows 1.2% en-

richment.
izinmmtal With (Co(NHs)%CO,)NO,.HO the results were: N X 10

for CO released from normal water - 1.972; N X 10' for
The salt (CO(NHa)mCO)NO.'/sHO was prepared accord- CO, released from enriched water - 2.048; N X 10' for

ing to the method of Grubitsch.8 The purity was checked 11,0 in enriched solution - 5.66M5. In this experiment, the
by electrolytic determination of the cobalt content (calcu- carbon dioxide underwent 1.5% exchange with the solvent.
lated, 22.84%; observed. 22.86%). The salt (Co(NHs)&-
COs)NO-H*O was part of a preparation use previously.'

The tracer experiments with (Co(NHa) 4C0,)NO,'/HO Discussion
were performed by preparing a solution of this compound
in water enriched in HsO " Perchloric acid in water of It is necessary for the success of an experiment
isotopic composition very near to that in the solution was of this type that the resulting aquo ion not ex-
then added. During this operation, a rapid stream of nitro- change rapidly with the solvent. The blank
gen passed through the solution to carry off the carbon di- experiments with Co(NHs),(HsO)t+ + +, as well as
oxide released. This was stripped from the gas by means
of a trap immersed in liquid nitrogen. The ion Co(Nils).- proving the method of isotopic analysis of the bound
HsO)s. ++ was precipitated from the solution with Co- water, prove the formula of this ion in water to be
CN)*,' and the salt (Co(NHla)(jHO)) (CO(CN)@) was re- Co(NHs)4(HO)9+++. and demonstrate its ex-

moved, washed, dried, and finally heated ix vauao to remove change with the solvent to be sufficiently slow for
the complex-bound water. The isotopic composition of the
water was determined by equilibrating it with carbon diox- the present purposes.
ide, and analyzing the carbon dioxide in a mass spectrome- The experiments show that the ion Co(NH),-
ter. The necessary blank determinations were conducted (HO)2+++, formed from Co(NHs)CO+, derives
as indicated by the procedures described. Separate experi- only 1/2 of the oxygen from the solvent, the other
ments were also conducted in which the solid carbonato Is being lef
salts were dusted into perchloric acid in enriched water, and t by the carbonate when CO, is re-
the carbon dioxide swept out with nitrogen as before. moved. The possibility that the 50O exchange

All operations were performed as rapidly as possible to appears equally distributed between the two posi-
minimize exchange of Co(NH&),CO, + and Co(NH,),(H tions, as an accidental value on the way to complete
O)t+  with the environment. The solutions before addi-
tion of the acid were cooled to 0" and maintained there for exchange, can be excluded by considering the iso-
precipitation of Co(NH,)s(HaO)zCo(CN)s). In a typical topic composition of the liberated CO. Such
experiment, 1.5 g. of slt was used in 30 ml. of solution, enrichment could only take place with some form

Rmults of the carbonato ion (Co(NH,).(HsO)s + + + does not
exchange sufficiently rapidly) and would neces-N represents the mole fraction of 0 in the species under sarily result in enrichment of the CO which is

(1) D. IL Strauks and 0. w. ,as, J. Phys. Chem., .OS (1932) liberated. The slight enrichment of the C,
(2) 3. P. Hst, A. C. Ruteser .d H. Tm.be, Tin JOPAL, 1&, observed (- 1%) is attributable to exchange follow-

M (l9S).
(5) . Orubitack, 'mapassis-p~ermstlivo ChA,." spring ing its release.

vuga. v s, 196. P.,. Stranks and Harris have suggested the mechaism
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Co(NHa)CO, + H + HtO - experiment using enriched solvent is the mean of
Co(NHs)4 HO COH + (rapid) (4) 8.263 X 10- 1 and 2.009 X 10- 8 or 5.136 X 10-'.

Co(NHa)4HOCOXIH -- b When this is corrected for the exchange to be
Co(NH&)(HO)OH +- C02 (5) expected for the aquo ion, the value 5.208 X 10- 1

The stepwise feature of the mechanism is certainly is obtained, to be compared with the experimental
reasonable, and is to some extent confirmed by value of 5.147 X 10- . The result may indicate a
providing an explanation for our oxygen tracer slightly greater rate of reaction of H1014 compared
results. Applying our observations to this me- to H,00.
chanism, it can be concluded that the Co-O bond A conclusion about mechanism which applies
is severed in step (4), otherwise COS would appear to the results for COs- attached as a chelate, bound
at least 33% exchanged with solvent. Reaction at one position, or not bound at all, is that there
5, involving Co(NHa)H,O' COH'+ +, then takes is no transfer of oxygen from the solvent to C at
place as demonstrated for the analogous ion Co- any stage on the release of CO. Thus it seems
(NHs)1COH+ +, severing the C-O bond. The likely that the activated complex which in the case
fractionation experiments of Stranks and Harris, of Co(NHs)CO + has the composition CO(NHs)&-
obtained for the reaction in acid, find an explanation CO&H+ + , does not have the structure reasonable for
if reaction (4) under these conditions is formulated this complex ion, but rather has the proton on the
not as an equilibrium, but as a rate determining oxygen bridging cobalt and carbon
step; no large carbon fractionation can be expected 0 + +
in step (4) since the Co-O bond is severed there, (H&N),Co OCO
and none can take place in (5), since the ion is H
completely decomposed to products. Since new Co(II) bonds are established during

It is interesting to note that the maor conclusions the release of CO, from Co(N-h)4COS+ , it will be
are indicated also by the experiments on aquotiza- of interest to learn whether groups besides water
tion in ordinary water, the isotopic composition (e.g., C-, S0-) can enter during this rapid process.
of the inner sphere water (1.985 X 10-') lying It was this possibility that attracted interest to the
fairly near the mean of that of the solvent (1.928 aquation of Co(NHOXW , but could not e
X 10- 8) and of the carbon dioxide (2.009 X 10-8). realized in this reaction since oxygen is left attached
The dependability of such a conclusion drawn from to Co(III.
this experiment, however, is reduced not only
because of the slight difference between the extreme Acknowladgmuets.-This work was supported
values, but also because fractionation effects inter- by the Offce of Naval Research under contract
fere. These can take place due to discrimination N6-ori-02026. The funds for the purchase of the
by Co(III) between C)4 and 018 in water, and in the mass spectrometer used in the research were
attached carbonate. The results show that a supplied by the Atomic Energy Commission under
slight excess of O" is left on the Co(III). contract At(11-1)-92.

If it is assumed that precisely 50% of the HtO D3P~TuNT Op Cnumsnv
in the inner sphere is derived from the solvent, the UmvMTYv OF CHICAGO
isotopic composition expected for this water in the CHICAGO. ILL.
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Observations on the Mechanism of Electron
Transfer in Solution

By Henry Taube, Howard Myers, and Ronald L Rich
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OBSERVATIONS ON THE MECHANISM OF ELEC- atom transfer as the act producing electron trans
TRON TRANSFER IN SOLUTION, fer) or [CICr+.water-Fe++ + ] (implying electron

Sir: transfer through the solvent facilitated by Cl-
An important problem in the field of mechanisms attached to Cr++). A decision in favor of the

of "electron transfer" reactions is concerned with former type of explanation is reached on the basis
the changes taking place in the co6rdination spheres of experiments we have done using as oxidizing
of the oxidant and the reductant on electron trans- agents complex ions which are slow with respect to
fer. This problem has been but little elucidated substitution. We find that when Co(NHa).Cl + +

for reaction of cations, as for example Ti+++ + is reduced by Cr++ in 1 M HCIO 4, one Cl- appears
Fe+ + + - Ti(IV) + Fe + (net change) or Fee ++ + attached to chromium for each Cr(III) which is
Fe... 2 Fe* ++ + + Fe+ + (virtual change). formed or Co(III) reduced. Furthermore, when
Thus it is not known whether electron transfer the reaction is carried out in a medium containing
takes place by an electron jump through several radioactive chloride, the mixing of the C- at-
layers of solvent, or whether it accompanies the tached to Cr(IIl) with that in solution is found to
transfer of a group such as OH from oxidant to re- be less than 0.5%. The &xperiment with radio-
ductant; or H from reductant to oxidant.' Simi- active chloride shows that transfer of chlorine from
larly the particular role played by negative ions the oxidizing agent to the reducing agent is direct,
such as Cl- or F- in catalyzing' , ' the reaction of rather than by release and reentry of Cl-, and
cations is not understood. The principal reason leads to the formulation of the activated complex as
for the lack of a detailed understanding is that the [(NH4)*Co-Cl-Crj' (apart from the participation
systems are generally very labile with respect to
changes in the co6rdination sphere so that inter- by solvent and its ions). Transfer from Co(NHs)s-
mediate stages which would supply evidence about Br + + to Cr(III) is also found to be complete.
the nature of the activated complexes change to In both cases the net changes are to form Cr-
final products too rapidly for convenient observa- (HsO)s + + + and X- as final products, with, how-
tion. One method of attack on these problems is to ever, CrX ++ as a recognizable intermediate stage.
alter conditions so as to slow up the changes; The observations on relative rates are also sig-
another is to exploit the ions which are less labile nificant. Rates of reduction increase in the order:
with respect to substitution under ordinary condi- Co(NHs)o+ + +, Co(NHa)SHO + + , Co(NHI)sC I4 + ,
tions. Co(NH&)&Br + +. The groups HO, CI- and Br-

We have followed the latter line of attack, choos- have available pairs of unshared electrons as points
ing the reductant Cr+ + -- Cr(lII). This system of attack. the polarizability of the groups increasing 4
has the virtue that any group found in the co6rdina- in the order named. With Co(NHa),+ + +, a proton
tion sphere of Cr(IHl) when it is formed from Cr+ +  must be removed to provide a pair of electrons as
must have been present in the activated complex. point of attack for Cr++, or the electron must be
Substitution reactions on Cr(IlI) are sufficiently transferred through the proton co6rdination shell.
slow so that entry of groups after completion of the We propose an activated complex of the type
oxidation can be ruled out at least for some sys- [(NH,)Co-X-Cr] ' as a model for processes in
tems. (For Cr(II), however, substitutions are which negative ions catalyze electron exchange be-
rapid$.) tween cations. Experiments are in progress to

A significant result is that when Cr+ + is oxi- determine whether oxygen atom transfer occurs in
dized by Fe + + in perchloric acid medium (I M) the reaction of Cr +  with Co(NH,)IH0++.
in a solution containing Cl- (0.05 Al), chloride These have significance in their relation to proc-
ion is found attached to the product Cr(III) esses involving activated complexes such as
(0.5 mole/mole Cr(III) for these conditions). [Ti ++.Fe .jaq., [Fe++Fe+++ Jaq., etc. We
Hence, we can conclude that Cl-Cr bonds must recognize that an activated complex of the type we
have been established in the activated complex have formulated is not always readily accessible,
The experiments, however, do not distinguish the or example, when both partners are inert toactivated complexes (Cr-CI-Fe]+4 (implying Cl is foreape hnbt atesaeiett

substitution changes. When at least one partner is
(1) This work was supported by the Ofie of Naval Research mder labile, the direct bridge complex seems a likely path.

cntac N44M5.
(2) See W. F. Ubby. "sympodum a Llectro Tranlw snd Iso- (6) H. Tetbe, Chm . hkw. 8, 90-101 (19).

topic eaemtloas,"J. Phy. CAu.. N. 961(1911): discussion by R. W. Gnozos HnsuaT JoNn LAsoaAroams HaNiY TAums
Dodsoa, N. DaviM., 0. L. Poreabier, pp. m. ,. oW CHICAo Howso sveqs

(1) J. Sllvermea sad t. W. Dodsoa, J. Pki. C&M.S. N, f" (iY UHrn)cA o, Ciuz o HOWARD LRii
(4) D. J. Melr ad C. & Ower, dd..f, N 8(11).
(a) if C. fondi md W. P. Libby. AMd. S0 (19M5) R mCIVUD JuLy 6, 193
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The Study of a System Involving Equilibrium
between Inner Sphere and Outer Sphere
Complex Ions: Co(NH,),HO and SO;

By Henry Taube and Franz A. Posey
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The Study of a System Involving Equilibrium between Inner Sphere and Outer Sphere
Complex Ions: Co (NH&)g.H2 0+ ++ and SO.-

By HENRY TAust AND FRANz A. PonRy
Racnivigo Ocrount 10, 19OU

Th6e fractional conversion of Cn(NH*)6HO * to Co(NH*WO4 +at equilibrium is observed to he almost independent of
the concentration of sulfate ion over a wide range above ca. 0.01 Mf. The behavior is understood if the &quolon is assmed
to be converted to a sulfate complex ion by outer sphere assocation at low concentration of sulfate ion. Teinterrtto
is confirmed by observations on the ultraviolet absorption band of Co(NifH,)mB,0 in the presence of varying aonso
sulfate ion. The change from the sulfato ion to the "Iomeric" outer sphere complex ion is governed by the energyantities:

AH- - 4.0 + 0.3 kcal. mole- . AS - -13 cal. deg. - mole- . The reactions are first order in the concentration ofCo(I II).
An increase in lability is observed with increase in sulfate ion concentration. The reactions are catalyzed by hydrogen ion.
The activation energy for the change of the sulfato ion to the aquo ion is 19.3 +r 0.5 and for the reverse change is 23.7 * 0.5
kcal. mole.

In considering the structure in solution of a Bx,.rhuntal
complex ion the stoichiomnetry of which has been The procedure was to follow the extinction of a solution
established, the question arises as to its distribu- containing Initially the Ion Co(NHit80 4 + or Co(NH&)v.
tion between two formis, in one of which the addend Ht,0* in an envfronument of known composition as a func-
is directly attached to the central ion occupying a tion of time. In all cae equtoiliru was aprahdfrom

posiion n th fist shereof c~rdnatinbad th sides, and in every ease the fina vaue ofte!xieposiionin he irstsphre f c~rdiatin, nd ionagreed to within I1%. Poe mnerous solutions thein the other occupying a bion outside the first rate was follwed an a function of time starting fow a glum
Ir 0.sphere of codlrdination. The latter type of struc- environment both with the sulfato and the auo ise. toi

ture can be expected to have considerable stabilit e ve aetse h atsA d sbl)
when the central ion has a high charge and when the faf we in Suffiiet eX0111. U of the
addend is an ion of high charge. The importance initial optical densities for the malfato and sq. fWhine, anid
of association of this type in water solution has been of the final optial deanity mnake possible thi calculation of
proven by the work of Davies,' Linhard2 and the equilibrium quotient, and these data. together with the

!peell rate for aprach to equilibrilum, lend to the seiiKatzenellenbogen' using complex cations of the ""t of aquootizatiom and sulfato formation for each solution.
type Co(NHs)g+++. Replacement of NHs by the Tkeopticall enitie weressasuredlusinga Beckmnan spee-
anion does not take place under the conditions rootmeer. The wave length 560 nip at which the ex-
which were chosen and, in fact, the observations on tinctions were measured lies on the long wave length side

the pecra2suggst hatthe irs spereof co- of a band with a maximum at 815 nia for the sulfato and 495the pecra'suggst hatthe irs sperefor the aquo ion. The two maxima in the visible for the
ordination is little disturbed in forming the Outer ions are not sufficiently well separated to make them usefulL
sphere complex ions. It is evident that inert con.i- in analyzing the solution. While the strong ultraviolet
plex ions are extremely useful in defining the type band does differ markedly for the two substances, light of

of asocatin uderstuy, win tothegret lone ave length waRs pFerred shinet 4 mtdth useof ssoiatonundr sudy oingto he ret o Coexcells. The extinctions of Co''' Wr+ anddifference in the speed at which association in the Co(NH,)SO4 + at ), 860 ma are changed somewhat (cf.
inner sphere and outer spheres takes place. For Table 1) as the environment changes, bat only slightly as
labile complex ions the distinction between the two com pared to the ultraviolet band. It was shown that the

is mch orediffcul tomakebecuse~ uobalt cations obey Beer's law in the solutions studied
typeswithin experimental error. The extinctions change slightly

two forms are not readily separately characterized, with temperature-for example, there is an inrvease of ca.
We have made use of an inert complex ion system 3% in the extinction of the sulfato Ion in 0.05 Mf NaoS0.

also in our study. Substitution of water by ae as temrture rises from 25 to 31*-hence for a serie allor~~~~~~~~~ otewropanterssHO+ tks~ extinction measurements were made at constant (*kI*)or ohergrops n C(NH$,bH +++taks pace temperature. In studying the variation of equilibrium con-
very slowly.4  Our data with this cation and with stant with temperature the solutions which had bee stored
S0O- as an anion provide a dramatic demonstration at different temperatures were all brought to the same tem-
of the presence in the solution of outer spe~ perature for comparison of optical densities. No signifi-

spee cant readjustment in the inner sphere of co~rdination, tookcomplex ions, and furthermore, since H&0 and S04- place during the temertur change.
are eventually exchanged, have made possible a The substance fCo(N1a),80jH890,2H,O was the source
comparison of the stabilities of inner sphere and of the sulfato ion. It was prepared as described by Jorgen-
outer sphere "isomeric" forms. The desirability SM$The content of Co and 9%. were found to be 15.8D%

(thorticl,15.70) and 51.42% (theoretical, 81.47). Co-of a mome complete study of this system was in- (NH,sHO(CIO,)a was prepared as described elsewhere,'
dicated by work done on the water exchange re- and served as the source of the aquo ion. The agreement of
action.' The experiments we are reporting supple- final optical densities starting with both salts shows that the
ment those described by AdeUl.6 His study a aquo salt was a sufficiently good preparation. Other re-

limied o th rage o diute oluions((5-') agents were of A. R. quality, used without further purifica-limied o th rage o diute oluions( S4-) tion. Soclutions were made up using redistlilled water.
-~ 10-' or less) and therefore did not expose some Cafielns and Definlss.-In aln exerinsents except
of the interesting phenonmena we have observed. expt. 1,Table teoncetratio f inaxcws ei

(3) 3. a. Katinsalmbua Paps No. U. Diviula of Physical and not Very senstiVe to the concenfttion Of 904-, an dte
IseaIc Chlasy. Americas Chemleal SMelt Mneug. 8Setebs. initial reorded Vale Vhc d ifr t maI b r5
I N S' f m th eq i i r u alues ,A d iff e a w sm ~ l - 4. 6

(4) A. C. Rotaegbrgsod ff. Taube. J Che. Phys,. .6,XT (I lill). km--~ th eqvlbimvlsksrv s-il zga o
(11) 11. Adell. X. doo lr#. (heC". 3M VL (1942). (6) A. 54. jora,,,... J. Pahw. Chena. 12131 St.3 (11101).
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TAM"~ I
DATA on4 DQvnuamu DuvzumoN m R~Ara As PimcnoN or SULPAI Co*#cuvinAroN

Temperature 81.1 0 .02,. except in apt. 8; 80im as Na*80 4 except in esM. 5 and 6
N4o. 2(50. 2(N*3 hX104 W~ D 064 0. , hX 106 haX 104
1 2.90 0.30 11.8 0.491 0.328 0.213 1.42 6.6 4.7
2 1.15 .11 8.3 .495 .839 .214 1.25 4.6 3.7
8 0.57 .050 6.8 .501 .846 .213 1.18 3.7 3.1
4 .156 .015 4.8 .499 .345 .214 1.17 2.6 2.2
5 .1w .015 4.8 .499 .847 .214 1.14 2.8 2.0
6 .15e .015 5.2 am0 .348 .215 1.16 2.8 3.4
7 .052 .010 4.1 Am0 .352 .214 1.12 2.2 1.9
r .052 . .010 17.0 am0 .871 .214 0.86 7.9 9.1
9 .021 .010 8.4 A50 .345 .217 1.28 1.9 1.5

10 .0140 .010 2.8 .510 .341 .217 1.36 1.7 1.2
11e .00216 .0061 .512 .321 .221 1.91

oKSO.. 'MgSO. Temperature 43.8. d (RSO,,HSO 4) -0.00108 At; (HCO.) -0.005 At. No other electrolyte.

scriptiona of the sulfate concentration prevailing. H~ eut
where otherwise recorded, sulfate was introduced as Raa. nFg r rsn e supcl ta ntecane. p

2(80 1 efes t toal O. peset, heter m Wag"e cal density with time, starting in one eperiment with the
or not (and differs but slightly from uncompleed aul- aquo salt and in another with the malfato salt.
fae as noted above) Table I contains a summary of result obtained at rela-

ZIHI represents concentration of peetnalo Htively low acidity with (SO1 as the picalconcentration
Repmy -to the radical Co( NHA) variable. Acid was present bIallsutoso supprem the(ALg remetthe total concentration of sped"e contain. acid dissociation of Mil5O4 +. The reslts reported later

=I shiow that (H+) (or (110.t-) is not an Imsportant variable
IS ersnsthe total cocentration of seiscontaining at the levels nsed in the series in Table I. .

Table 11 is a summary of the data obtained on the vain-
Do$, WA and D. ersn the optical densities (log tion of Q. with temperature. The data are shown plotted

equilibium mixture, respectively. For all solutions. ei.I fsltoscnann ~~l~,AIiilyad theA Ts 1l
0.0150 ern. mole 1. -. VA==Nio ow gunmaunu Co,.~a w.e TuamAunskis the specificrate of chaneawmesured In aplot of Mdu
log I Do - D. I vm ts. It ls equal to the sum AA + Z0106-1 RH* 24.90 f~.80 43.
ke where these specific rates refer to the proces1es

2.90 0.30 1.67 1.42 1.11
AA0.052 .010 1.28 1.12 0.86

S kA 0.021 .010 1.44 1.27 1.01
A~ - PaIn it. 2to yield values of AMInlcl.fmole which we as

Q6 resntsm the ratio (AASj at eqWuibrsau and is follows for the change: 8 -* A.
equal to hi/.

Specifi rtes are expresseed with time in minutes. -4.1 :k 0.3 at 2.6 Mt SOr
____________________-4.0 * 0.8 at 0.062 Mt 804

0.15 -8.6 * 0.8 at 0.031 M O.

Table III presents data obtained for solutions containing
assoimperchlorate Table TV for solutions with vary-

0.0in amounts of N&ail 6 and Table V for solutions with

some data dealing with the changes; in extinction for the
0.06- ultraviolet band of RHsO*'' as ON. is added, are pre-

sentedi. The study of the siPctra- in solutions of various

-. Lox compositions is Itself a major undertakingr and more com-
plee dta orthis and rAte s3tm wll be presented i

S a fut- e publication.
Dbmuh.

I4 The most interesting feature of theeqibru
!O0U data Is that the ratio Q. is almost inde Idti of

(M-~) over a wide concentration rmnge, e-te-ding
fron 0.02 to 2.8 Mt. It is further remarkable that

04m this rat0 instead of diminishin at high (80.),
in fact shows a slight increase in this concentraton
regkNL These observations sugest that the prin-
cipal equilibrium operating over the range studied is

RS04 + 1WO &l RPgO***4W (1)
10 20 80 If ion pair formation is esseatialy complete even

ime, hr. at 0.02 M 80. the ch 8 to A ivolves species
11.1-The varkaia of optical density with time of the sune with ruaCt to Co(I1I)

suffat lt uppreachingeqluilibrium; lower ce, s salt. Therefore the efiectsi of sats,1 Iingf 90k,

D owi for both. is expected to be reltively slight. * n the vewo of
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TABLE III
Tim Immuswcr or NauTRAL hL3CTUOLTT

Temperature 81.10
No. 2150-I ZIH+l (N&CIGo k X l14 DO D a A X 104 A X 1O,
1 0.021 0.010 0.03 1.92 0.616 0.225 4.40 1.87 0.365
r .054 .010 .71 2.5 .511 .28 9.18 1.74 0.09
8 .156 .010 .54 4.38 .506 .218 1.28 9.46 1.0
4 .054 .010 2.00 2.04 .N4 .226 2.68 1.40 0.854

e .1I6 .010 1.70 2.68 .807 .218 1.39 1.86 1.12

The series was planned at constant p, but Insuflfient NaCIO4 warn Inadvertently added In this experiment.

TABLE IV
Ta INnlmVUX or BULPATz IoN

Temperature 31.1
No, (NamsKW (NaSOW (NJO0 k X 104 Do 0. 0 AA X 104 A X 104
1 0.054 0.10 0.& 8.61 0.860 0.215 1.47 2.1 1.5
2 .054 .30 .40 4.62 .80 .215 1.85 2.6 2.0
3 .064 .70 .00 6.34 .409 .214 1.44 8.7 2.6
4 .54 .10 1.40 5.25 .809 .224 1.07 2.7 2.5
5 .54 .40 1.10 5.85 .800 .219 .1.13 8.8 2.6
6 .54 1.50 0.00 9.02 .500 .214 1.42 5.4 8.0

TAUS V zero ionic strength and 25*. The conclusion is
RATm AND0 Hqun zux DATA ra SOLUTmoNs CoNTrumo directly proven by the data in Table VI on the

NaHS t oAN H9So o ultraviolet extinctions of RHO... in the presence
Temperature 31.1* of varying concentrations of SO.". Marked
.X k AX #o changes in the extinction are observed in the ultra-

No. A s) 80) 104 DO' 0. 20 24 violet band, with the extinctions at 240 and 23
1 0.00 3.00 16.1 0.488 2.87 11.9 4.2 mni approaching saturation values when (80W)
2 1.00 2.00 12.5 .496 2.14 8.5 4.0 is only 6 X 10- 8 Ml. More complete data will
3 3.00 0.00 10.2 .496 1.61 6.3 8.9 be required to obtain values of equilium con-
4 0.00 6.00 27.5 .485 2.36 19.1 8.4
5 3.00 3.00 21.0 .488 1.94 18.9 7.1
6 5.00 1.00 18.5 .490 1.00 11.6 6.9
7 0.00 9.00 36.0 .400 1.40 21. 15.

TN.A VI 0.2
T ULwutvzo.ar Rrnwruso Comrumm or Co-
(NI)sO+  AT VAzoua Consmarnmia or S ULAI'

low

TemperatureV-- I*; am 1/cIogISIbI.m- '';
(RHOC1.) - &0 X 10-' ; (HCOW) - 0.01 M

X In no 0.0 0-0065 "A0 'O.Ofe 0aloe
270 15 6 34 42 44
260 31 76 8 112 118 0.1
290 148 257 288 88 80 3

s4 336 50 8 618 680
240 76 990 1010 1120 1180
285 160 1910 1940

low sulfate ion concentration the equilibrium

RHO +++ + O0W . RHO+ * -. (11) 0.0.
presumably bc esimportant and RHsO* 0.

as well as RHiO+*.O.' contributes to (A].
At high concentration of 804-, Q6. will be altered by

sal ,fet o n sq~ibrium (I) or by further associa-
tion of sul.te with the comlex ions. However,
the afinitin of RH O+++-9O,- and RS4 + for
sulfate io appear to be about the sme, sine
Q..chanes only dightly even at high sufate con-

The conclsion that RHj0 + + + and 804" are 2.9 8.0 8.1
strongly mociated is supported by Davie' al- IT X 10.
culatious for the similar system Co(NKHq.++ If1. 2-Tb. v a Q. wh muutu . calu
and SO- which yielded 3.3 X 108 as the equi- m in ader ow i0 0.091 sed 0.0w At. 3190.1l r
libriwn. constant for the association reaction at fron top to botem.
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Statits, particularly because successive stages of Co(III) and SO4-) is represented in equation (I).
association apparently must be taken into account. The data of Table I exhibit the interesting feature
This is eviTdenced by the observation that the that kA and k; are about equally affected by the
rate of approach to saturation extinction values is concentration of sulfate ion for solutions in which
different at different wave lengths. Co(III) can be presumed to be almost completely

If the assumption is made that the ratio associated with SO-. The catalytic effect of
(RHIO+++.SO4-)/(RS 4 +) remains constant be- sulfate ion is best demonstrated by observing its
low 0.05Mt 40 , and is measured by the ratio effect on kA for solutions at constant ionic strength.
C) at this sulfate Ion concentration, the value Comparison of expts. 1, 2 and 3 of Table III shows

i A't1 tot elpt. 11 Is calculated as 1.1 X 10'. that SO4- increases the rate of removal of SO.-
When corrected for the difference iti M. this value from the inner cotrdination sphere. Catalysis by
will be close to that reported by Davies for Co- anions of substitution reactions in complex ions
(NH) + I + and S04- . has been observed in other casesT'

The measured heats of reaction on the inter- The two series of experiments in Table IV show
pretation suggested apply to reaction 1. It should the influence of H + in increasing the lability of the
be noted that the change is exothermic. It is system. The effect is attributable specifically to
interesting that the heat of transfer of SO 4- from H1* rather than H.SO,-, since it decreases as
inner sphere to outer sphere does not change (S04,) increases. The specific effect of H+ is not
appreciably as (SO4-) changes from 0.05 to 2.6 great (and is not expected to be great since the
Af. The decrease in i4JAH atlower (SO4-) can be H + has only a slight affinity for 90)-), and did not
attributed to participation by equilibrium (II). appear over the variation in (H + ) executed by
Using the observed values of equilibrium constant Adel' in dilute electrolyte solution. The differ-
and LM at 0.05 M SO-, AS at this concentration ences in lability observed for solutions containing
of sulfate is calculated as -13 e.u. An entropy K +, Na + and Mg + + are probably significant, and
decrease can be expected since ions of opposite indicate increasing interaction between cation
chapg are separated in. transferring SO from and SO,- in the order presented. The results in
inner sphere to outer sphere, thus increasing the very acidic solution show general trends which are
interaction with the solvent, consistent with the ideas presented. It may be

The effect of NaCIO, on the equilibrium [A /1S noted in addition, that the relatively slight increase
is presumably largely in increasing the concentra- in kA from 6.0 M H2SO, to 9.0 MHISO isattribut-
tion of RHgO + ++ relative to RHtO+++.SO,- able to the decrease in activity of the water.
+ RSO4+. There may also be an effect on the Comparison of the specific rates at the two
ratio (RH,0+++.SO,-)/(RSO4 +), but this is in- temperatures leads to values of E and Q at 0.05
possible to decide from the data. Assuming that Af SO" corresponding to kA and ke of 19.3 + 0.5
the ratio is unaltered by NaCIO4 and is given by and 23.7 = 0.5 kcal./mole, and 1010 and 1013.b
the value of Q. at 0.05 M SO4-, the quotient K,, 1. mole-' min.-'. The change from RH20 + + +.
for expt. I, Table III is calculated as 16, and for S04- to RSO,+ has a normal frequency factor and
expt. 2 of the same table, at somewhat lower ionic the over-all entropy change must appear in the
strength as 20. The large change in Ki. fromn the entropy of activation for the reverse change. This
conditions of expt. II to those obtaining in the implies that the charge separation in the activated
experiments of Table III, is in line with the large state is closer to that in RH0+++.SO,- than it is
value of Ass for reaction (II). in RSO, +. This in turn is more in line with an

The data of Table IV suggest that salts do affect activated state of coordination number 5 rather
the ratio (RH*O+++.SO.-)/'(RSO.+). While in than with one of 7.4
dilute solution (expts. 1, 2, 3, Table IV) NaCIO4 An original purpose in undertaking the kinetic
and NaHSO, influence Q. in approximately the investigation of the present system was to attempt
same way, in more concentrated solution (expts. to distinguish SN 1 and SN2 mechanisms on the basis
4, 5, 6) replacing NaCIO, by NaHSO. enhances the that at high S4-, a limiting rate would be ex-
ratio. For concentrated electrolyte solutions pected (governed by the rate of formation of a
effects due to changes in the activity of water must presumed intermediate, such as Co(NH)s+ ++ for 
become important. The decrease in Q. as the the SNO mechanism, whereas on the SN2 mech-concentration of sulfuric acid is increased is attribu- anism, such a limiting rate would not be expected.
table, in part at least, to this cause. The effort to make such a distinction on kinetic

Over the composition range investigated, which evidence is vitiated however by the association of
includes variation of the initial concentration of RHjO + + + and S04- which, in effect, changes
Co(III) from 0.0150 to 0.00150 as well as the the nature of the reactants. However, in view
variation in concentrations of other ions, the re- of the demonstrated effect of SO4- in increasing
actions are first order in (Co(IlI)). Using solu- lability of the system, the observation that the
tions at lower (SO-) than we have in our rate rate of water exchange is diminished when it occurs
study, AdellO observed kA to be independent of in the presence of the net change to RSO,+ becomes
SOj, and ks to be given by an expression of the stronger evidence for an important contribution by
form k f(SO-) (RHIO+++), where f is a function the SNI mechanism.'
taking account of interionic attraction effects. Various comparisons which can be made makes it
For the conditions we have adopted, RH.0++ +  seem likely that the observations recorded here on
is almost completely associated with S0, so that (7) P. J. Garrick, rso. Feay .Sa .8.t. IN (1139).
the net change (except for further association of (5) R. A. Plant ad R. Taub..J. Phy,.. Chem.N, 25 (1962).
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the equilibrium between inner sphere and outer 17.5.12 In the present system in the same salt
sphere complex ions will find their counterpart in environment (but at 31.10) the constant for asso-
labile systems of the same charge type, as for ciation involving outer sphere complexes is only 16,
example Fe+++-SO, - and Ce+++-SO 4 . In gen- and if the inner sphere complexes are included, the
eral the equilibrium behavior of Co(NHs),HO.+ constant would be roughly doubled. These simi-
in association reactions with anions is very nearly larities strengthen the view that for the labile sys-
the same as for other tripositive ions forming 1: 1 tems consisting of SO4- and tripositive ion, the ra-
complexes. Thus, the eqluilibrium constant for tio of concentrations of inner and outer sphere
association with CI- at 250 and is = 0.05 is 4.1' forms will also be of the order of magnitude of
and the association reaction is slightly endothermic. unity.
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